The online-only Data Supplement is available at http://circep.ahajournals.org/lookup/suppl/Background-Pulmonary vein isolation is the most prevalent approach for catheter ablation of paroxysmal atrial fibrillation.
D espite significant improvements in catheter ablation strategies to treat atrial fibrillation in recent years, refractory recurrence of arrhythmia remains a continuing concern. Recurrence rates of atrial fibrillation after a radiofrequency (RF) ablation are still relatively high (from 20% to 55%). [1] [2] [3] [4] [5] For patients treated with circumferential isolation of the pulmonary veins (PVs), it is well understood that failure to create durable lesions may result in gaps in the isolation line allowing PV potentials to reconnect with the left atrium. The specific relationship between gap formation and subsequent recurrence of clinical arrhythmia is less clear, 6 although the likelihood of recurrence increases in the presence of gaps.
Clinical Perspective on p 333
Isolation gaps in the ipsilateral line may result either from areas omitted from initial treatment or from lesions that are not sufficiently transmural to prevent conduction. Modern visualization techniques, including 3-dimensional imagery, intracardiac echo, and fluoroscopy, have been used to ensure that the catheter tip is well positioned to create contiguous lesions, thus minimizing the risk of untreated areas. New technologies using real-time monitoring of tip-to-tissue contact force (CF) are also useful to confirm that appropriate pressure is applied by the ablating electrode to effectively facilitate RF energy transfer and the ensuing thermal injury.
CF has been identified as a potential determinant of lesion quality during RF ablation. [7] [8] [9] [10] [11] [12] Previous studies have characterized the optimal CF parameters needed to achieve transmurality, whereas other trials have shown a clear correlation with long-term freedom from recurrence. 12 To date, no clinical study has prospectively examined the recurrent conductivity of specific lesion sites as a function of initial treatment parameters. An irrigated RF ablation catheter able to measure real time CF between the catheter tip and the beating heart wall (TactiCath, Endosense, Geneva, Switzerland) was used during the Toccata clinical trial, [11] [12] [13] to show that the number of ablations made with low CF was a predictor of clinical outcome at 12 months. These low-CF applications may be related to incomplete, impermanent, or superficial lesions resulting in isolation gaps.
The left atrial substrate is not uniform with differences in wall thickness, positional stability, and access contributing to lesion effectiveness. This variation may result in more or shorter ablations in specific segments, particularly when catheter position is difficult to maintain. The CF parameter may be a useful tool to describe these challenges relative to the anatomy.
The EFFICAS I study was undertaken to investigate the exact relationship between CF parameters measured during ablation and the incidence of isolation gaps in the PV line measured invasively during a 3-month follow-up electrophysiological study. It was hypothesized that lesions produced with inadequate CF would result in a measurable increase in the rate of reconnection, thus giving rise to more arrhythmia recurrence. In addition, a comparison of CF parameters during lesion delivery across segments might expose risks of reconnection as a function of anatomy. Finally, it was expected that a detailed examination of CF parameters used in an actual clinical setting would yield information about minimal CF criterion for success.
Methods

Study Protocol
EFFICAS I was a multicenter study conducted at 3 European centers. The protocol was approved by the institutional review board (Ethics Committee) at each center and consisted of 2 procedures: an index ablation procedure for pulmonary vein isolation (PVI), at which the operator was blinded to CF data, and a follow-up procedure at 3 months to invasively assess isolation gap occurrence in the PVI lines. The study end point was to correlate the occurrence of either an isolation gap (gap) or successful isolation at 3 months with the CF parameters applied at each location on the PVI line during initial ablation.
Study participation ended with a follow-up examination at 3 months, an interval traditionally construed to coincide with the end of blanking. An isolation gap was defined by the detection of a PV potential using a circular mapping catheter and pacing, if needed, to conclusively differentiate these potentials from far-field signals. Complications related to the procedures were recorded to comply with local regulatory requirements for safety and vigilance.
Patient Population
Forty-six consecutive patients with predominantly paroxysmal atrial fibrillation following ACC/AHA/ESC (American College of Cardiology/American Heart Association/European Society of Cardiology) guidelines 4 who signed informed consent before the procedure were enrolled. Patient characteristics are given in Table  1 , and cardiovascular history are available in the online-only Data Supplement for the enrolled patient population and for the subgroup of 40 patients who participated in the 3-month follow-up procedure.
Patient characteristics are similar in both the enrolled population and subgroup.
Contact Force Sensing Catheter and Display
The TactiCath catheter with CF capabilities was used for index procedures in the study. It includes a deflectable 3.5 mm electrode, 6 hole irrigation (between 17 and 30 cc/min), and was used with an approved pump and RF generator. This technology uses the diffraction of light to gauge real-time tip deflection with a sensitivity of 1 g of force in any direction. Three individual sensors (Fiber Bragg Grating type) aligned circumferentially around the tip electrode allow for the calculation of CF as a vector, thus providing information on the total force (vector sum) as well as the direction (orientation) of applied force.
CF data are sampled every 100 ms and are simultaneously recorded in a digital log file for later retrieval and analysis. Sensor operation is unaffected by ablation energy. A comprehensive real-time display of CF in numeric and graphical formats is normally available to the user. In this study, the operator was blinded to the screen with CF information to prevent bias and adaptation. In effect, the operator manipulated the catheter as he would any similar device without the benefit of CF information.
To characterize the effect of CF applied over time, the system automatically detects the beginning and end of RF current delivery and calculates the Force-Time Integral (FTI) defined as the total CF integrated over the time of RF delivery. 11
Index Ablation Procedure
PVI was achieved with a wide antrum ablation line around the PVs guided by a 3-dimensional mapping system (EnSite, SJM, St. Paul, MN). The specifics of line creation was left to the operators' standard practice, as were settings for RF power and choice of long or steerable sheath.
The site of RF application was recorded relative to 8 predefined circumferential positions around each ipsilateral pair of PVs 14 : numbered 1 to 8 around the left PV (LPV) and 9 to 16 around the right PV (RPV; Figure 1A ). The 8 positions were later consolidated into 4 larger segments to facilitate comparison with 3-month data, to maintain an acceptable level of localization accuracy and to provide a more anatomic representation ( Figure 1B ). Specifically, multiple anterior positions were grouped together and referred to as the anterior segment for LPV and RPV, as were posterior positions. The following parameters were recorded for each ablation: position, segment, RF power, CF, FTI, duration of ablation, and sheath type.
The PVI was achieved with either point (focal) or dragging lesions depending on each operator's technique. Each lesion was limited to a maximum of 60 seconds in a single position to allow for clear identification of the energy delivered to each of the positions.
At the end of LPV and RPV isolation, a circumferential diagnostic catheter was used to confirm PVI by entrance block. For the sake of consistency, the waiting period and attempts to provoke dormant conduction were minimized.
Follow-up Procedure at 3 Months
The invasive follow-up procedure was performed following similar preparatory steps as during the index procedure. 15 A diagnostic catheter was used to evaluate the status of isolation or reconnection per vein. To define successful treatment of a patient, all 8 segments needed to be gap free. Gap sites were determined for each segment and vein. The location of each gap was defined as site of PV potential 
Correlation of CF Parameters to Outcome
Results related to the index procedure are presented for the 8 positions around each pair of PVs. Results related to the follow-up procedure are presented for the 4 segments. Ablation parameters, CF, and FTI from all index procedure ablations were correlated to the isolation status of each segment at follow-up (gap or successful isolation). CF parameters and incidence of gaps were tabulated for each segment. Aggregate isolation success across all patients was used to deduce criterion for optimal CF parameters.
Statistical Analysis
CF, FTI, number of ablations. and power are reported as median and mean±SD. Mann-Whitney's nonparametric test was performed. The results reached a level of significance when P<0.05. To compare success ratios, odds ratios and Fisher's test were calculated to account for size effects between ablation parameters and the outcome. All statistical calculations were done using Excel 2007 or Prism 5 (2008) .
Results
Index Ablation Procedure
Ten operators treated 46 patients at index procedure at 3 sites. All 92 pairs of PVs (100%) were successfully isolated.
Reflecting the variety of approaches used, delivered RF power ranged from 10 to 40 Watts, total number of ablations was from 37 to 131, and total RF time ranged from 1200 to 4260 seconds per patient. CF and FTI distribution for all ablations at index procedure (n=3152) are displayed in Figure 2A and 2B. Mean CF was 19.4±16.2 g, and median was 14.9 g. The average FTI per ablation was 730±773 gs, and the median FTI was 479 gs. A deflectable sheath was used for 22 patients (Agilis, SJM, St. Paul, MN), and a nondeflectable sheath (SL1, SJM, St. Paul, MN) was used for 26 patients. The CF was similar in both groups (medians of 14.9 g versus 14.9 g; P=0.82), with an average CF of 19.5±16.8 g versus 19.3±15.8 g. The average waiting period after PV isolation to assess acute reconnection was 2±2 minutes.
CF was generally higher at all positions in the RPV than in the LPV ( Figure 2C ) with the exception of the posterior superior position. Lowest CFs were observed in the LPV, from 15.2±14.4 g at the anterior superior (ridge) and down to 10.7±8.8 g in the anterior inferior. The anterior inferior in the RPV was remarkable for having the highest average CF of all positions at 29.5±21.8 g. FTI values were also generally higher on the right side with clearly lower FTIs in the left anterior positions ( Figure 2D ). 
Follow-up Procedure
Six patients withdrew from the study leaving 40 who underwent the 3-month follow-up procedure (87%). Of these, 26 patients (65%) had ≥1 gaps. Six of the patients had gaps only in the LPV, and 7 patients had gaps only in the RPV. Thirteen patients had gaps in both LPV and RPV.
Specifically, of 80 ipsilateral PV pairs, 39 (49%) were reconnected at 3 months. Of the 318 segments originally treated, there were 52 segments with gaps (16%), whereas isolation was confirmed in 266 segments (84%). The power for gap and no gap segments was not different (26.1 versus 25.0 W; P=0.26). Twenty patients with follow-up procedures (50%) were treated with a deflectable sheath. Sheath type had no impact on gap ratio at 3 months.
Gaps occurred in all 4 segments around each pair of veins. A majority of gaps appeared on the physically larger posterior and anterior segments, especially the right posterior (12 gaps, 23%) and left anterior (13 gaps, 25%).
Discriminative CF Parameters
For the 40 patients who completed follow-up, Table 2 summarizes the ablation parameters for the segments that remained isolated at 3 months compared with those that had gaps. Average CF and FTI were higher in segments without gaps but not strongly significant. There was significant differences in the number of ablations in segments without and with gaps.
The greatest significance was noted when comparing minimum CF in segments with no gap versus gap (8.1 g versus 3.6 g; P<0.0001; Figure 3A ) and minimum FTI (232 gs versus 118 gs; P=0.0007; Figure 3B ). In terms of success ratio, segments with a minimum FTI >400 gs had a 95% chance of remaining isolated compared with those with a minimum FTI < 400 gs, which had a 79% chance of remaining isolated (P<0.001; Figure 4A ).
The likelihood of successful treatment for the full patient results from the aggregate isolation rates of each segment. For successful treatment of a patient, all 8 segments need to be gap free. If the number of segments with minimum FTI <400 gs in the same patient increases, then the probability of successful treatment of the patient (extrapolated from isolation of all PVI rates) results from the multiplication of probabilities for each segment and decreases rapidly. If all 8 segments had a minimum FTI <400 gs, the likelihood of successful treatment of the patient would drop to ≈15%.
Serious Adverse Events
There were no serious adverse events within 30 days after index procedure. One patient (2.5%) developed a pericardial effusion after the follow-up procedure with Thermocool Celsius catheter (Biosense Webster, Diamond Bar, CA). 
Discussion
Acute isolation of PVs in patients with atrial fibrillation is usually achievable (100% in this study), but recurrence resulting from PV reconnection is common. 4, 5 Most clinicians would agree that freedom from early recurrence is a good measure of treatment success. This study did not measure long-term clinical recurrence, yet it is likely that the number of veins that remain isolated at the end of a 3-month blanking period is a predictor of long-term success.
The opportunity to assess PV reconnection normally occurs only at the time of retreatment, thus giving an incomplete picture of the actual reconnections that occur in the full patient population after PVI. In this study, the 3-month follow-up study revealed that as many as 65% of patients had PV reconnections. The invasive diagnostic technique used in this protocol definitively identified the location of gaps as compared with other clinical measures, therefore gaps were found more frequently than usually reported clinical recurrence rates. 4, 5 
CF Parameters
In the TOCCATA study, an average CF >20 g was associated with higher long-term treatment success, although this was obtained by only half of operators. 12 In EFFICAS I, the average CF for all index procedures was nearly 20 g, perhaps suggesting a high level of experience at participating sites despite being blinded to CF. Also in TOCCATA, ablations with CF <10 g were associated with unstable catheter contact and reduced patient outcome at 12 months.
Similarly, EFFICAS I showed a tendency for better isolation results at segments with higher average CF and FTI. However, the strongest indicators for isolation versus gap occurrence at 3 months are minimum CF and minimum FTI per segment. In segments with a minimum FTI <400 gs, the probability for isolation reaches only 79%, but increases to 95% when the Minimum FTI is >400 gs. One may observe that ablations in any given segment are only as effective as the worst ablation performed in that segment, quantified by the minimum FTI. Consecutive segments with low-minimum FTI may considerably decrease the likelihood for successful outcome (Figure 4 ).
There may be several reasons why the worst ablation, defined as ablation with minimum FTI at a given site, is a strong predictor for electric reconnection of a PV. One is that the tissue surface is altered because of initial RF current, making subsequent ablations more difficult to penetrate deep in the tissue. 16 A more plausible explanation is that creation of a nontransmural lesion results in edema. It has been reported that heart wall thickness can double after 1 minute of ablation because of tissue edema formation. 16 Hence, a nontransmural first lesion may increase wall thickness, reducing the effect of tissue heating and making it difficult to achieve full transmurality with subsequent ablations. Therefore, the goal of any RF ablation should be to achieve transmurality with the first attempt.
Another important lesson from the study is that the average number of ablations per segment is inversely correlated to isolation. This suggests that successful and transmural first lesions do not require subsequent corrections, but once a bad ablation is made (FTI <400 gs), it becomes very difficult to correct for it afterward and the risk of gap increases. This might further support the idea of edema formation as a complication for subsequent ablations at the same site. Force parameters discriminators for segments with isolation vs gaps. A, Minimum contact force per segment is shown for successful ablations (left) and for gaps (right) in box plot graph with 5% to 95% limits. B, The minimum Force-Time Integral (FTI) per segments is shown for successful ablations (left) and for gaps (right). Statistically significant difference between each group's median is observed and specified above graphs.
Anatomic Variation
Gaps were found in all segments but as expected, they were most prevalent in the ridge between the LPV and the appendage, and in the RPV posterior and superior segments. The relatively low-FTI value on all left anterior positions indicates that operators had difficulty sustaining both CF and duration. The difficulty associated with catheter stability at this segment is well understood and may be responsible for the increased number of ablations (14.9±6.6) compared with other segments. 17 Given these limitations, it is advisable that the operator evaluates the quality and stability of the catheter contact before each application of RF energy. A practical observation among a variety of operators confirms that starting an ablation before ensuring catheter stability is commonplace, resulting in high numbers of short and abrupt ablations. This is consistent with the EFFICAS I data, showing a high rate of low FTI (FTI <400 gs in over 40% of lesions; Figure 2B ) many of which arose in the left anterior segment.
To ensure transmurality, each ablation should be delivered with adequate CF and FTI levels. A persistently successful PVI is critically dependent on the weakest ablation of each segment. The probability of successful treatment for each patient is the product of all probabilities for each segment and becomes very low in case of multiple bad ablations.
In summary, EFFICAS I has shown that ablations performed with low-minimum CF and minimum FTI predict delayed gap formation, and that segments with gaps received more ablations than those with no gap. Based on these findings, and combined with the TOCCATA study results, we make the following current recommendations: (1) position the catheter carefully before ablation, preferably with a CF of 20 g but not <10 g; (2) ensure positional stability by monitoring CF before applying RF; (3) sustain RF delivery until a minimum FTI of 400 gs is achieved before moving the catheter to a new location.
These findings will be tested prospectively in a subsequent study. The EFFICAS II trial will unblind operators to CF at the initial procedure in an otherwise identical protocol.
Study Limitations
1. Treatment methodology specified by the protocol (fixed 60 s duration per ablation, point-by-point or limiting dragging allowed) describes one of several ablation strategies in current clinical practice. 2. The goal of the study had an electrophysiology end point at 3 months. Translation into clinical results on longer term recurrence may be inferred.
Conclusion
Invasive electrophysiological assessment of conduction gaps at PVI ablation sites at 3-month follow-up has shown that the minimum CF and minimum FTI values obtained at the index procedure ablations correlate strongly with subsequent gap formation. The 3-month ablation outcome at any segment is only as effective as the minimum FTI of any ablation delivered in that segment, particularly when the ablation is <400 gs. CF stability is required before ablation to minimize the risk of unstable contact and ineffective lesions, particularly in the left anterior segment. To achieve durable successful PVI, a target CF of 20 g is recommended, with an absolute minimum CF of 10 g and an absolute minimum FTI of 400 gs per individual ablation lesion. In 40 patients, 318 segments were ablated. Success or isolation ratio is shown in black per segments ablated with minimum Force-Time Integral (FTI) < or >400 gs, respectively. Level of statistical difference and odds ratio are displayed above graph. Number of segments is indicated for each group below the graph.
